The natural selection acting on chromosomal inversions was studied in a natural population of Drosophila pseudoobscura. Females from this population were allowed to produce offspring from their matings in nature. They were then remated to males from a laboratory strain and again allowed to produce offspring. Offspring were also produced from matings of males from nature to laboratory females. Diagnosis of salivary chromosomes in these several sets of larval offspring allowed us to deduce the karyotypes of adult females and males from nature as well as the karyotypes of the offspring of these females by their matings in nature. We reason that the males collected with the females are a reasonable sample of those that mated the females and deposited the sperm they carried on capture. Chromosome frequencies in the offspring of wild females by their matings in nature were decomposed into male and female parental contributions. Changes in chromosome frequency due to male mating success were calculated by comparing chromosomal frequencies in adult males with those in the chromosomes they contributed to their offspring. These changes were sizable and provide direct evidence that male sexual selection is an important component of selection on the inversions in this natural population. We proceeded further to classify karyotypes on the basis of their frequencies and to calculate the fraction of offspring fathered by rare or common males. Rare male karyotypes as a group had a selective value nearly twice that of the common male karyotypes.
ABSTRACT
The natural selection acting on chromosomal inversions was studied in a natural population of Drosophila pseudoobscura. Females from this population were allowed to produce offspring from their matings in nature. They were then remated to males from a laboratory strain and again allowed to produce offspring. Offspring were also produced from matings of males from nature to laboratory females. Diagnosis of salivary chromosomes in these several sets of larval offspring allowed us to deduce the karyotypes of adult females and males from nature as well as the karyotypes of the offspring of these females by their matings in nature. We reason that the males collected with the females are a reasonable sample of those that mated the females and deposited the sperm they carried on capture. Chromosome frequencies in the offspring of wild females by their matings in nature were decomposed into male and female parental contributions. Changes in chromosome frequency due to male mating success were calculated by comparing chromosomal frequencies in adult males with those in the chromosomes they contributed to their offspring. These changes were sizable and provide direct evidence that male sexual selection is an important component of selection on the inversions in this natural population. We proceeded further to classify karyotypes on the basis of their frequencies and to calculate the fraction of offspring fathered by rare or common males. Rare male karyotypes as a group had a selective value nearly twice that of the common male karyotypes.
The analysis of selection has proceeded much further in the laboratory than in nature, and it has proven difficult to test in nature for some kinds of selection that can be demonstrated rather easily in the laboratory. The rare male mating advantage of Drosophila species is a case in point. Since the 1950s, repeated experiments in laboratory populations and in specially designed mating chambers have shown that male genotypes mate more frequently when they are rare than when they are common (1) (2) (3) (4) . These experimental studies have involved a sizable array of genotypes in a number of Drosophila species as well as several other insect species and possibly a few vertebrate species (5) (6) (7) (8) (9) . Only for the milkweed beetle Tetraopes tetraophthalmus (10) and the ladybird beetle Adalia bipunctata (11) is there evidence for a rare male mating advantage in nature. The mechanism of this mating advantage is behavioral, including such aspects of the mating process as female preferences; recognition of male types by olfactory, auditory, and tactile cues; and vigor of male and female types (5) (6) (7) (8) (9) .
Rare male mating advantage is a kind of sexual selection, which, in turn, is a component of fitness known to play an important role in selection on Drosophila genotypes (12) (13) (14) (15) . In Drosophila pseudoobscura, male sexual selection accounts for a large part of the overall selection that acts on the supergene inversions of the third chromosome (14, 15) . Rare male advantage has been studied as intensively as any other specific component of selection in Drosophila, and a large fraction of this work has utilized D. pseudoobscura. All of these studies have been laboratory experiments, however, and the situation with regard to natural populations is the same now as it was in 1970 when Dobzhansky (ref. 16 , page 174) wrote:
Nothing is known about possible mating advantages of rare genotypes in natural environments. If they exist in the natural habitats of the flies, the resulting frequency-dependent selection may be a potent instrumentality for maintaining the polymorphic equilibria of gene alleles without heterosis. Even mildly deleterious alleles could be maintained in natural population by these means. Rare alleles will grow in frequencies until the mating advantages of their carriers decrease and disappear. More research in this field is evidently needed. Dobzhansky tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. study in a single evening. Pails of fermenting bananas were set out and a group of 10 workers swept flies from them every 10 min. Flies were taken to a microscope in the field as soon as they were collected, and females were separated from males. We believe this procedure eliminated matings among the flies after capture, so that the only sperm stored in females would have been deposited during matings in nature.
The collections were taken to the laboratory and each fly was placed in an individual vial at 15'C. To each vial containing a male from nature were added several virgin females homozygous for the Standard (ST) gene arrangement, which is not found in central Mexico. The wild females were allowed to lay eggs from their matings in nature for 2 weeks, during which time they were transferred to fresh vials every few days. We dissected salivary glands from at least five larvae from each male culture and from at least eight larvae from each female culture. We stained them in acetolactic-orein and made squash preparations of the salivary chromosomes. We continued to transfer cultures of wild females every few days, and after 2 weeks several males of the ST/ST karyotype were added to each culture to give the female an opportunity to remate with the laboratory stock. A few days later, we prepared additional slides of salivary chromosomes from the cultures of wild females, again dissecting at least eight larvae from each female culture. Each of us diagnosed the entire set of salivary chromosomes, using the established descriptions (20-23) for reference.
RESULTS AND DISCUSSION
Ninety-six percent of the females collected at Amecameca were inseminated and produced offspring; 99% of these inseminated females remated with the ST/ST males.
We were able to deduce the karyotypes of the males from nature by identifying the salivary chromosomes in at least five larvae from the offspring of each wild male by the ST/ST females. In a similar manner, we deduced the karyotype of each wild female from the chromosomes in at least five larval offspring she produced after remating with the ST/ST males. Since the ST gene arrangement is unknown in central Mexico, we could be certain that remating occurred when we saw ST in heterozygous combination with one of the gene arrangements known from Mexico.
Karyotypic frequencies in the males and females collected in nature, and in eight offspring produced by each female from her matings in nature, are presented in Table 1 . We compared karyotypic frequencies in the males and females, since a significant difference between them would suggest that viabilities differed in the sexes. The sexes did not differ significantly in karyotypic frequencies. The x2 for homogeneity was 5.0 with 4 degrees of freedom, and the associated probability was >0.1. Table 2 shows how we can calculate the frequencies of chromosomes contributed by males to their offspring and, following that, the change in chromosome frequency due to (24) and fecundity is high. Thus, the males collected at any time in nature should be a representative sample of the males that deposited the sperm. Line 6 in Table 2 shows the differences in frequency between chromosomes in adult males and chromosomes these males have contributed to the next generation. These differences are the changes in male chromosome frequency that we ascribe to male mating success. They should be caused mostly by differences in frequencies with which the male karyotypes mate, although any meiotic drive (25) or sperm precedence (26) would also be included. Although there is no evidence of meiotic drive acting on these inversions, differences in sperm predominance have been demonstrated in the laboratory (27) and may play a role in male sexual selection in nature.
The CU chromosome decreased in frequency, whereas the other gene arrangements increased in frequency. The variance of Ap may be calculated as a function of the variances of its component frequencies and may be used to test the hypothesis that the Ap for CU is statistically significantly different from zero. The test statistic is a standardized normal deviate, Z = 2.35, and the probability that Ap would be at least as large as it was by chance alone is only 0.02. CU and TL constitute about 90% of the chromosomes in the population, and EP and "Others" may fairly be combined as rare chromosomes. The increase in frequency of these rare chromosomes, between adult males and their contribution to offspring, is statistically significantly different from zero (Z = 2.27, P = 0.02) and provides the first clue that rare males may have a mating advantage. It is clear that differences in male mating success operate as a component of selection in the Amecameca population. Chromosome frequencies in this population undergo cycles, and selection by male mating success is strong enough to account for a major part of the changes in chromosome frequency. The selective changes in chromosome frequency we report here are based on direct comparisons of frequencies in adult males and the chromosomes they contributed to their offspring. They confirm our earlier evidence (15) for selection by male mating success, based on comparisons between adult males only and their offspring, in which the contributions from female parents could not be assessed.
As seen in row 7 of Table 2 , the greatest proportional changes in gene arrangement frequency are for the Others, a group of six inversions whose individual frequencies were each <1%, and for EP, whose frequency was =8%. The genotypes that carry these "rare" chromosomes will also be rare by comparison with CU/CU and CU/TL and, usually, by comparison with the homokaryotype TL/TL as well. Since we have reasoned that the changes in chromosome frequency in row 6 of Table 2 All female parents contributed equally (eight larvae) to the offspring that were studied, so gene arrangement frequencies in row 2 are the same as those in the adult females of Table 1 . Abbreviations for gene arrangements as in Table 1 . n, Number of chromosomes on which frequencies are based.
for each karyotype. Unfortunately we cannot make these estimates because multiple insemination is frequent in this population. The sperm that fertilize eggs in a single female often will come from two different males, and we usually cannot diagnose the male genotypes. We estimate the frequency of such mixed broods in the Amecameca population to be nearly 70%. It is possible, however, to divide the karyotypes into rare and common classes and to use the male contributions of gene arrangements (line 4 of Table 2 ) to estimate the mating success of males in the rare and common groups.
In the adult males that we studied, CU ahd TL constitute about 91% of all chromosomes. Next in frequency is EP, at only 7%, followed by a group of six other gene arrangements, each at frequencies much smaller than 1.0o. The karyotypes divide naturally into those involving only CU and TL (the common group), and others (the rare group). The common group includes CU/CU (34.6%), CU/TL (42.3%), and TL/ TL (8.3%), for a total frequency of 85.2%. All other karyotypes are grouped as rare, including CU/EP (8.3%), TL/EP (1.3%), and six others at individual frequencies of <1.0%o. The total frequency of these rare karyotypes is 14.8%.
EP is the only rare gene arrangement occurring frequently enough to cause concern about contributions from homokaryotypic males. EP/EP is the only homokaryotype for a rare chromosome found among the 156 males and 305 females collected in nature. Since karyotypic frequencies in the two sexes did not differ significantly, we can use the pooled adult data to estimate the fractions of EP chromosomes occurring in homokaryotypes and in heterokaryotypes. A total of 61 EP chromosomes were observed in the 461 adults from nature; 8 occurred in homokaryotypes and 53 occurred in heterokaryotypes. Thus we apportion the male contributions of EP chromosomes as follows: 8/61 = 0.1311 from homokaryotypes for EP; and 53/61 = 0.8689 from heterokaryotypes for EP.
In Table 2 , line 4, we have already calculated that the frequency of EP in the sperm stored within females at capture (the male contribution to offspring) was 0.1020. Hence the male parental contribution of EP gene arrangements from EP/EP males is estimated to be 0.1020 x 0.1311 = 0.0134, and the contribution from heterozygotes for EP is estimated to be 0.1020 x 0.8689 = 0.0886. All rare chromosomes other than EP occurred only as heterokaryotypes with another chromosome, and the frequency of these other rare chromosomes in the paternal contribution was 0.0316. We add to this 0.0316 the 0.0886 contribution from heterozygotes for EP, to get a total estimate of 0.1202 for the frequency of rare chromosomes contributed by rare male heterozygotes.
Mendel's law of segregation tells us that males heterozygous for a rare chromosome will, on the average, contribute a common chromosome for each rare one they contribute. Thus, we double the frequency of rare chromosomes contributed by rare heterozygotes to account for the common chromosomes (CU and TL) they also contributed: Our data give Z = 2.36, with an associated probability of 0.025. The fraction of offspring fathered by rare male karyotypes is statistically significantly higher than the frequency of rare karyotypes among the adult males collected in nature. A model for estimating the mating success of the rare male karyotypes relative to that of the common karyotypes is outlined in Table 3 . Applying the model to our data, we estimate that the relative mating success of the rare male karyotypes to be 1.97, nearly twice that of the common karyotypes.
In this population, then, rare male karyotypes showed a large advantage in mating success over the common karyotypes. The effect of this one component of selection will be to increase the frequencies of rare gene arrangements. Other selection components will come into play as well, of course, and there could be counteracting selection by viability or fecundity or any other component. Rare gene arrangements would not be rare if their frequencies continued to increase under selection, and our data from the Amecameca population show continually low frequencies of the rare chromosomes in samples taken every few months over 3 years. Thus, it seems unlikely that the rare gene arrangements at Amecameca are favored by an overall selective advantage of the flies carrying them. It seems more likely that the increased mating success of the rare karyotypes favors the retention of rare gene arrangements in the face of opposing forces such as genetic drift. If so, and if this rare male mating advantage occurs in other populations, then it may indeed be the "potent instrumentality" for maintaining genetic variability in the quote by Dobzhansky (16) . Again and again, very rare chromosomal variants, found in only one or two flies, have been recovered in samples of D. pseudoobscura from the same population 25-100 generations later (23, 29) . It would not be surprising if the rare male mating advantage were a major factor in retention of these rare chromosomal gene arrangements.
The rare male mating advantage that has been studied in the laboratory is frequency-dependent; its intensity increases as male genotypic frequency decreases. Our measurements in the Amecameca population involve only one set of frequencies, and they do not allow us to determine whether the selection we have found is frequency-dependent. We suspect that it is, by analogy with the laboratory studies. Proof would require measurements of mating success in the same popu- 
